In this paper, a piezoelectric sensor with a floating element was developed for shear stress measurement. The piezoelectric sensor was designed to detect the pure shear stress, suppressing effects of normal stress components, by applying opposite poling vectors to the piezoelectric elements. The sensor was first calibrated in the lab by applying shear forces where it demonstrated high sensitivity to shear stress (91.3 ± 2.1 pC/Pa) due to the high piezoelectric coefficients of 0.67Pb(Mg1∕3Nb2∕3)O3-0.33PbTiO3 (PMN-33%PT, d31=-1330 pC/N). The sensor also exhibited negligible sensitivity to normal stress (less than 1.2 pC/Pa) because of the electromechanical symmetry of the device. The usable frequency range of the sensor is up to 800 Hz.
INTRODUCTION
The accurate measurement of the wall shear stress induced by the flow over a solid surface is useful for understanding critical vehicle characteristics, such as lift, drag, and propulsion efficiency. Therefore, the ability to obtain quantitative, time-resolved shear stress measurements may elucidate complex physics and ultimately help engineers improve the performance of aerospace and naval vehicles.
Various measurement techniques have been used to determine shear stress at the wall. These methods are mainly classified as indirect and direct sensing techniques. Indirect methods derive shear stress by measuring other physical flow parameters such as wall temperature and pressure, and using empirical and theoretical relations between the wall shear stress and the measured quantity. For instance, the Preston tube or the Stanton tube estimate shear stress from pressure measurements 1 , while hot-wire and hot-film anemometers are based on the principles of heat transfer 2 . However, the instrumentation required for techniques can cause potential disturbance to the flow which can encumber their use for determining shear stress. Additionally, their strong dependence on the empirical laws can induce further errors in different flow circumstances.
Indirect methods require knowledge of flow properties a priori 3 . Direct methods, however, do not exhibit this limitation and present a more accurate and sound approach to measuring the shear stress in complex and poorly-understood flows 4 because the sensing element responds directly to shear forces. An example of a direct measurement method is the floating element sensor, which is based on measuring the displacement of a floating element that is flush with the flow. Capacitive 5, 6 and piezoresistive 7, 8 techniques as well as surface acoustic wave (SAW) devices 9, 10 have been developed and used to measure the displacement of a floating element. However, the shear stress sensors fabricated through micro-machining have not yet received sufficient validation in a turbulent flow environment, so further advancement is still needed to obtain reliable, high resolution shear stress measurements that are applicable to a wide range of flows.
In this work, a floating element sensor, which is a direct measurement technique, was developed for shear stress measurement with small size (10×10×20 mm 3 ), low cost and ease of fabrication. A PMN-33%PT crystal was utilized in the sensor for its high piezoelectric coefficient (d31=-1330 pC/N) 11, 12 . The proposed sensor was specially designed not only to prevent potential errors caused by the misalignments of the floating element with respect to the test plate, but also not to be affected by normal stresses generated from the vortex lift up through the electromechanical symmetry of the sensing structure. Thus, we hypothesize that our piezoelectric floating element sensor will be able to measure pure shear stress. 
SENSOR DESIGN AND FABRICATION

Design
In this work, the floating element sensing and direct piezoelectric effect were used as sensing mechanisms 13 . As illustrated in Fig. 1 , the floating element is displaced according to the magnitude of the shear force. The floating element displacement induces deflection (δ) of the bimorph piezoelectric structures. The piezoelectric bimorph bending leads to generation of electrical charge through the lateral piezoelectric effect quantified by the coefficient, d31, of the piezoelectric plates. The use of two parallel bimorphs allows the displaced element to move parallel to the fixed one, preventing any rotation of the sensing armature that could perturb the flow. A shear stress is converted into a double-flexion deformation of the bimorphs. The tension and compression stresses are then distributed in a piezoelectric bimorph. Considering the double-flexion strain induced by the clamping, an alternative poling of each plate is necessary to prevent the electrical charge output from cancelling out, so each piezoelectric plate is divided into two parts in which the poling vectors P1 and P2 are opposite. The measured slip of the floating element and charge output can be used to calculate the calibrated shear stress by using the governing equation of direct piezoelectric effect 14, 15 , which can be derived on the basis of the thermodynamic analysis. In general, the constituent equations of the piezoelectric effect given in tensor form are expressed as,
where is the strain, is the compliance at constant electric field, is the stress, , are the piezoelectric constants, is the electric field, is the dielectric displacement, is the permittivity at constant stress. In a series mode bimorph subjected to an external force (F), the stress in the longitudinal direction (T1) can be derived from a moment (M) which is caused by an externally applied force,
where L, w and h are the length, width and height of an individual piezo-element, respectively. x and z are the distance from the fixed end and neutral axis of bimorph structure, respectively. Combining Eq. (4) with the piezoelectric effect induced stress, the total stress in each element becomes
where the superscript U and L denote the upper and lower element of the bimorph. By applying Eqs. (5) and (6) 
It is known that the canonical conjugate of the force (=∂U/ ∂F) and the voltage (=∂U/ ∂V) are equal to the deflection at the tip (δ) and the electric charge (Q), thus the constituent equations for the piezoelectric bimorph under an applied force can be derived as follows 
Finally, considering the fixed-guided boundary condition, we can restate Eqs. (8) and (9) 
Based on Eq. (10), the calculated shear stress sensitivity can be expressed as
where is the surface area of the floating element. So the sensitivity of the bimorph piezoelectric sensor is proportional to the square of bimorph plate length and the surface area of floating element and inversely proportional to the square of the height of plate.
Fabrication
The floating element sensor was fabricated with a size of 10 × 10 × 20 mm 3 . The fabrication process started from a shaping of the PMN-33%PT plate with the dimension of 20 × 20 × 0.5 mm 3 . 200 nm-thick-Au-electrodes were deposited on the top and bottom surfaces of the PMN-33%PT plates using e-beam evaporation. Next, the plate was diced (16 × 2.5 mm 2 ) using a mechanical dicing saw (Disco, DA320, Santa Clara, CA). Electrode gaps (1 mm) in the middle of the plates were formed to apply opposite poling vectors in the plate (Fig. 2(a) ). The poling condition of each plate was checked by an impedance-phase analyzer (Agilent 4294A, Agilent Technologies Inc., Santa Clara, CA). In Fig. 2(b) , the number in a legend indicates each side of four plates, i.e. 2 sides × 4 plates. All the impedance spectra showed an identical shape and the resonance frequency of ~4.5 MHz, which indicates that the opposite poling vectors in each plate were successfully applied. The poled PMN-PT plates were bonded as the series mode bimorphs using an epoxy resin (Epotek 301), since the series mode structure ensures higher sensitivity of the sensors and easier fabrication in comparison with the parallel mode connection 14 . As the last step, electrode gaps were connected using silver epoxy to draw all the electrical charge output together from the both sides of plates (Fig. 2(a) ), then bimorph plates were clamped with the floating elements. The sensor consisted of a floating element (top), the clamped element (bottom), and two bimorph plates of PMN-33%PT crystal (Fig. 3) . For future wind tunnel testing, several design considerations were applied to prevent potential errors from the misalignments of the floating element with respect to the test plate. For example, the gap size between the floating element and housing was precisely controlled (200 μm). According to Allen et al., a sensor with a small gap size is much more prone to a misalignment error so the optimum ratio of gap (G) to length of floating element was determined to be 0.02.; and the lip size of the floating element was intentionally minimized (1 mm) based on the total height of the floating element (3 mm) to reduce the area on which the pressure had to act in the case of misalignment. [16] [17] [18] [19] . 
EXPERIMENTAL SETUP
For the characterization of the fabricated sensor, the clamped element of the sensor was fixed with a bench vise on a floating optical table (Newport, ATS, Irvine, CA) to eliminate the vibrational noise. Previously calibrated piezoelectric actuator (sensitivity of 5 μm/V) was used to apply dynamic forces to the prototype sensor. The actuator was excited by a function generator (Tektronix, Cary, NC) and a power amplifier (ValueTronics, Elgin, IL) applied vibration to sensor by contacting the probe at the floating element. The laser vibrometer (Polytec, Mooresville, NC) detected the amount of displacement of the floating element and the oscilloscope (Agilent Technologies, Santa Clara, CA) visualized the profile of displacement at the same time. Charge output generated from the deflection of bimorph plate were measured by a lockin amplifier (Stanford Research Systems, Sunnyvale, CA) to filter out the noise signal. In this test, reference frequency was 1 Hz and excitation force was controlled by increasing voltage amplitude from the function generator in the range of 0.1 V to 1.0 V with 0.1 V sub-step. The dynamic calibration for the shear stress and normal stress were conducted by positioning the contact probe of actuator at the side (Fig.4 (a) ) and on the top (Fig.4 (b) ) of the floating element, respectively. Usable frequency range of sensor was measured in the shear stress testing setup (Fig.4 (a) ) by controlling the excitation frequency of a function generator, in which the charge output and phase transition were monitored using a lockin amplifier. 
RESULTS AND DISCUSSION
The simulated shear force (F) from the actuator was converted into the applied shear stress (τw) dividing it with a top area (A) of the floating element (τw = F/A). As the shear stress increased, the electrical charge output generated by the deflection of bimorph plates also increased and exhibited an almost linear relationship with respect to the shear stress ( Fig. 5(a) ). Based on a linear fit, the resolution of the sensor approached 0.5 Pa. Simulation results for verifying the shear stress distribution on the airfoil were conducted by using XFOIL, which is an airfoil design/analysis code ( Fig. 5(b) ). It was determined that the range of shear stress on the airfoil (range of 10-30 % of the chord (C) from the leading edge) was 1.5-4.0 Pa over a velocity range of 9.7-48.5 m/s, which indicated that the proposed PE sensor had sufficient resolution to accurately measure the shear stress.
Experimental shear stress sensitivity (91.3 ± 2.1 pC/Pa) was determined to be 10-12 % lower than the calculated value, which may be caused by inaccurate piezoelectric constants used in the calculation or a capacitance reduction due to the no-electrode gaps in the PMN-33%PT plates. A high shear stress sensitivity was affected by the large piezoelectric charge constant (d31=-1330 pC/N) of a PMN-33%PT single crystal and small thickness of the piezo-plates (0.5 mm). The sensor yielded almost zero output under normal stress (about 1-1.3 % of the shear sensitivity), which was consistent with the theoretical model that predicted normal stress should be zero due to the electromechanical symmetry of the bimorph plates. Usable frequency range of sensor was also measured, which shows ~800 Hz wide range in usage. 
CONCLUSION
In this work, a piezoelectric floating element sensor was designed to directly measure shear stress while minimizing the misalignment error considering the gap and lip size of the sensor. The sensor was also designed to be unaffected by normal stresses generated from the vortex lift up so that pure shear stress could be measured. The calibration results showed that the sensor yielded high shear stress sensitivity (91.3 ± 2.1 pC/Pa) due to the high piezoelectric charge constant (d31=-1330 pC/N) of the PMN-33%PT single crystal and small thickness of plates, while showing almost zero charge output under normal stress. For future work, this sensor will be flush mounted on an airfoil model for subsonic-wind tunnel-flow measurements.
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